Although controversial, the idea that hydrothermal systems may have been the site for prebiotic synthesis of organic molecules and origin of life is widely supported. For the nascent life to survive, it must have had some sort of metabolic mechanism for generating energy. However, little is known of the specific metabolic pathways utilized by the early life forms or the effect of high temperatures on their activity. Recent research on natural high temperature aquatic environments, though limited because of difficult field logistics and experimental problems, is revolutionizing our understanding of possible energy-generating redox pathways, such as sulphate reduction. An abridged review of research on thermophilic sulphate reduction is presented here. Because of a complex interplay between microbiological and geochemical entities involved, and the uncertainties that modern hydrothermal systems are proxy for biogeochemical conditions on early Earth, great caution is required for interpretation and extrapolation of data from these studies to primordial times. Furthermore, a general lack of integrated geological and microbiological studies towards a common understanding of origin and sustenance of life on Earth is starkly evident from this review.
Introduction
It is believed that extreme environmental conditions existed on the surface of the Earth before they were modified by the organisms through metabolism, and from cooling of the crust [1, 2] . Therefore, research on extremophiles may provide clues for deciphering the origin and sustenance of life on prehistoric Earth. Furthermore, the study of microbes that are known to thrive under extreme salinity, acidity and temperature conditions will not only help us understand how life originated and diversified on Earth but also how life may thrive on other planets.
Thermophiles, a class of extremophile that has a temperature optimum for growth at around 70
• C or higher [3] , are of particular interest. Within the domains Archaea and Bacteria, thermophiles are among the most deeply branching organisms on the phylogenetic tree, based on 16 S rRNA sequences [4] . Thus they are the most primitive group of organisms known on this planet and possibly are closely similar to the common ancestor [5] [6] [7] . They were also slowest to evolve and may represent ancient adaptations to heat. Furthermore, it has been proposed that hydrothermal systems with characteristically high temperatures may have provided favourable environments for the prebiotic synthesis of organic compounds necessary for life and may also have been a site for life's origin [8] [9] [10] . In order for the nascent life to sustain and proliferate, metabolic energy is essential. Therefore, to reconstruct the history of life on
Metabolism among thermophiles
Thermophiles and hyperthermophiles can utilize a multitude of electron acceptors and donors for metabolic purposes [11] . It should be noted that the actual carbon compounds or energy-yielding redox pathways utilized by the thermophilic organisms are still unresolved. On a geological timescale, although clear evidence of autotrophic CO 2 fixation into the biomass by 3.8 Gyr ago is present in the sedimentary record, the specific metabolic pathways employed by the archaic organisms are still unclear. Sulphur isotope studies have provided the earliest evidence of a specific metabolic pathway -sulphate reduction -from a 3.47 Gyrold barite mineral [12] . Given that the evidence comes from a mesophilic environment and for the other reasons mentioned in the article, the time limit has been placed just above the branching point of the hyperthermophilic Thermodesulfobacterium lineage on the nuclear line of the phylogenetic tree [12] . In other words sulphate reduction may have been utilized by hyperthermophiles prior to 3.47 Gyr for metabolism. Prevalence of sulphate respiration among modern thermophiles and hyperthermophiles is now well known [13] [14] [15] [16] [17] [18] . Microbiological results further suggest that it is possible that sulphate reduction was prevalent even before the divergence of the three domains of living organisms [19] . Further investigations are continuing to ascertain whether the gene responsible for sulphate reduction was present in the primitive microbes or if it was laterally transferred within the prokaryotic domain [20] . Nevertheless, it is possible that sulphate reduction may have been a preferential pathway for respiration and for sustaining primitive life on Earth [6] and warrants further studies.
There is a general lack of systematic investigation of sulphate reduction among thermophiles and hyperthermophiles. An important reason for the limited information is that such organisms are difficult and often impossible to culture away from their native environment. Furthermore, quantitative parameters determined using amended microbial cultures in the laboratory, for example [21] , may not be relevant to natural systems because substrate-transport mechanisms and other in situ environmental factors may play a significant role in the alteration of the metabolic process under field situations. Therefore efforts are now concentrated on slurry incubation experiments using natural sediments from hydrothermal sites or in situ studies within modern hydrothermal systems [17, 18, 22, 23] . The numerous hydrothermal features not only provide an environment similar to the one when Earth was cooling down, but they also vary substantially from one another in their physicochemical characteristics. Moreover, a number of active and novel thermophilic sulphate reducers have been identified from various hydrothermal features [16, [24] [25] [26] .
Activity of sulphate reducers at high temperatures

Rates of sulphate reduction
In a limited number of studies so far, sulphate reduction has been identified from marine and lacustrine hydrothermal rift systems [14, 15, 17, 18] and from terrestrial hydrothermal springs [22] . Within the hydrothermal features investigated, SRR (sulphate reduction rate) ranges from 1 to 3350 nmol · cm −3 · day −1 [14, 17, 18, 22, 23] . Consistently high rates have been measured in algal mats compared with sediments associated with the thermal environments [18, 22] . At Guaymas Basin with excess available sulphate, sulphate reduction has been observed at temperatures as high as 110
• C [14, 15] . However, the reduction rates peak between 35 and 70
• C [18] . Interestingly very little sulphate reduction was observed in colder sediments adjacent to the hydrothermal vent [18] . In addition, across the thermal gradient below the sediment-water interface, the availability of organic substrate seemed to have a major effect on SRR at Guaymas Basin.
Activityofsulphate reducers (100-500 nmol · cm −3 · day −1 ) measured at a number of hydrothermal springs in YNSP (Yellowstone National Park; U.S.A.) with less than 1 mM available sulphate [22] was comparable with many highsulphate, less-hostile, coastal and deep-sea marine environments [27] [28] [29] . Therefore, it seems that thermophilic sulphate reducers are very capable of adapting to low-sulphate environments. This is quite significant as it has been suggested that life originated under anoxic conditions [30] and sulphate was probably produced by anoxygenic photosynthesis [31] , making primordial aquatic systems limited with respect to sulphate. Across the thermal gradient at YSNP, a weak negative correlation (R = 0.83) was (Figure 1, bottom panel) , suggesting that even in high-temperature springs the microbes are performing within their optimum growth temperature range. Therefore, the decrease in SRR in springs with higher in situ temperatures may be reflecting a decrease in microbial biodiversity or a decrease in the number of active cells per unit volume of sediments. A change in the reactivity of organic substrate may also have influenced the results.
Apparent activation energy
Most studies have identified the temperature response of thermophilic sulphate reducers in terms of their optimum growth temperature [17, 18, 23] . Very little work has been done for a mechanistic understanding of the temperature response of thermophilic sulphate reducers under natural conditions [22] . At YSNP apparent activation energy, E a , for sulphate reduction was calculated at three sites [22] . E a measured at Obsidian Pool and Black Sediment Pool (17 and 38 kJ · mol −1 respectively) is similar to that obtained for other microbially mediated reactions [32] ; however, at Mushroom Spring, the E a was exceptionally high (119 kJ · mol −1 ) [22] . Measurements beyond the optimum growth temperature have been cited as one of the reasons for such a high activation energy [22] because E a is known to increase rapidly beyond the optimum temperature range for growth [32] . However, it is most likely that the high value of E a was the result of substrate limitation. Although at Mushroom Spring algal mats would have been provided with labile organic carbon, free availability of sulphate is questionable. Within the algal mats, diffusion-limited transport may have resulted in very low available sulphate for the microbes to respire efficiently. This is further supported by the very high half-saturation constant (3.17 ± 1.02 mM) measured for Mushroom Spring [22] .
The activation energies calculated at YSNP are comparable with the previous estimates of E a (21-134 kJ · mol −1 ) for sulphate reduction in natural sediments [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . In a strict chemical sense, E a should be constant for a reaction, but for biogeochemical reactions, the activation energy depicts the overall growth response of microbial consortia to changes in temperature. Consequently different microbial assemblages may yield different activation energies for the same metabolic pathway. The variability seen at YSNP may simply be the result of the abundance and physiological differences in the microbial populations present in the different springs. The wide variation in E a for sulphate reduction in nature indicates that with our current understanding, there is no simple welldefined temperature response for sulphate reduction that can be applied universally to different environments.
Summary
In summary, the varied response of sulphate reducers to high temperature observed in nature might simply reflect the environmental stress under which the microbial growth takes place. However, the variations in sulphate concentration, reactivity of organic carbon, physiological differences among inherent microbial populations and other physicochemical variations observed at different hydrothermal sites may all have played a role in the resultant variation. The kinetic data from hydrothermal environments suggest that the thermophilic sulphate reducers respond to the environmental determinants in a similar fashion to the microbes found in less hostile modern aquatic environments. In other words, if it is assumed that archaic microbes were similar to thermophiles in modern hydrothermal systems, then they were well advanced in adapting to environmental extremes and were capable of surviving and proliferating by utilizing sulphate respiration as one of the metabolic pathways.
